region of chromosome 3. We demonstrate that expres-
region of chromosome 3. We demonstrate that expres-sion of this marker gene, as well as endogenous var selection was silenced and that parasites with activated forms could be selected by growth on WR. Trangenes, are epigenetically controlled and that locus repositioning and chromatin structure play a role in siscription of the adjacent var gene PFC0005w in RT-PCR was not affected by the transcriptional state of the lencing and activation of these genes in P. falciparum.
neighboring transgene ( Figure 2B ). One explanation for the silencing and activation of Results the inserted hDHFR was the locus or surrounding region had altered in a way that affected transcription or Integration of hDHFR into Subtelomeric that copy number of the inserted plasmid was unstable.
Rep20 on Chromosome 3
Telomere length has been shown to affect the activaTo insert a marker of transcription into the subtelomere tion of subtelomeric genes in mammalian cells (Baur et of a chromosome, we transfected P. falciparum paraal., 2001). However, telomere length in the transfected sites (3D7) with plasmid pHdhfr containing hDHFRlines with either active or inactive hDHFR genes was encoding resistance to the antifolate drug WR99210 not different for all parasite lines ( Figure 2C ). Similarly, (WR; Fidock and Wellems, 1997), under control of the Southern blotting experiments showed that the DNA calmodulin promoter (Crabb and Cowman, 1996) . The surrounding the plasmid insertion was not different and plasmid pHdhfr included 506 bp of Rep20 for homolothat the copy number of the plasmid was stable for all gous integration into the subtelomere of chromosome parasites irrespective of the transcriptional state of the 3 and the chloramphenicol acetyltransferase (CAT) sehDHFR transgene ( Figure 2C ). These results suggest quence as a target for fluorescence in situ hybridization transcription of hDHFR inserted in the subtelomere of (FISH; Figure 1A ). Transfected parasites were selected chromosome 3 is under epigenetic regulation. Additionon WR to obtain 3D7/H with integration of pHdhfr next ally, the transcriptional state of this gene could be to a var gene. The structure of integration was conmaintained through many mitotic divisions, an imporfirmed by pulsed-field gel electrophoresis (PFGE; data tant feature of silenced chromatin domains and epigenot shown) and Southern blotting ( Figure 1B ) and renetic inheritance (Grewal, 2000) . vealed insertion of two plasmid copies 3. visiae is organized into nucleosomes but is less accesHc1 and 3D7⌬2ac ( Figure 1C ). Parasite clones grown sible and more compact compared to bulk chromatin without drug selection had an IC 50 for WR of 2 nM, (Gottschling, 1992) . Alterations in chromatin structure while for those maintained on drug it was 30 nM (Figure would alter accessibility to regulatory proteins and 2A). Additionally, the shape of the curve was flattened therefore the transcriptional state of a gene located in for parasites grown without drug selection, suggesting such regions. As in yeast, it has been shown that the a mixed population. Selection of these parasites on WR P. falciparum subtelomeric regions display a regular restored the typical curve, whereas no change was evinucleosomal organization (Figueiredo et al., 2000) . We dent for control parasites (data not shown). We considdigested native chromatin with micrococcal nuclease ered it likely that approximately 40% of the population (MNAse) in cells made permeable with NP-40 to deterhad the hDHFR gene silenced or inactivated and that mine differences in chromatin structure at the subtelits subtelomeric location may be important for this varomeric hDHFR locus in the active (3D7/Hc1.3 + ) versus iegated transcriptional state. the silenced (3D7/Hc1.3) state ( Figure 3A) . The digestion patterns were similar for much of the 1 kb hDHFR upstream regulatory region; however, an increase in The Subtelomeric hDHFR Transgene Is Reversibly Silenced sensitivity to MNAse was observed at −470 bp upstream of the ATG and a number of other positions such To determine if a subpopulation of parasites contained a silenced hDHFR, we cloned 10 parasites (3D7/Hc1.1-as −320 and −120 in the active promoter ( Figure 3A) . Interestingly, this region of the calmodulin promoter is 10) and analyzed their sensitivity to WR ( Figure 1C ). Three lines were sensitive to 10 nM WR while seven important in regulating transcription of the endogenous calmodulin gene (Crabb and Cowman, 1996) . By using were fully resistant, confirming the presence of two subpopulations. Two resistant and two sensitive clones the same approach, we detected no differences in chromatin structure at a control locus (see Figure S1 in were used for further analysis and each was grown on WR to derive the lines 3D7/Hc1.1 + , 3D7/Hc1.2 + , 3D7/ the Supplemental Data available with this article online). The data suggest activation of the inserted Hc1.3 + , and 3D7/Hc1.4 + ( Figure 1C ). hDHFR was transcribed in the WR-resistant lines as hDHFR gene is linked to increased accessibility of the transcriptional machinery to chromatin within the 5# shown by real-time RT-PCR but not in the sensitive parasites ( Figure 2B ). After selection on WR, however, the regulatory region of the promoter. SIR2 histone deacetylase activity is required for hetparasite lines showed high levels of hDHFR transcripts. These results suggest hDHFR in the absence of drug erochromatin silencing by promoting local alterations var genes that showed the highest increases in transcription were those controlled by upsA promoters. blots and restriction mapping ( Figure S2B) . Additionally, Northern analysis showed that the PfSIR2 transcript Furthermore, one subtelomeric var gene flanked by a distinct promoter (upsE) was also highly upregulated. was not detectable in the transfected parasites (3D7⌬sir2; Figure S2C ). Microarray experiments comparing global Interestingly, transcription of a significant number of rifin genes was also increased in the absence of PfSir2, transcription of wild-type versus ⌬sir2 ring stage parasites showed a significant increase in transcripts for a and these were generally in close proximity to the var genes controlled by upsA and upsE promoters. subset of var and rifin genes, while most of the genes remained unchanged ( Figure 3B ; Table S1 ). Var genes To validate the altered var gene transcription pattern in ⌬sir2 parasites, we used Northern blots of ring stage are controlled by three main promoter types, defined as upsA, B, and C (Gardner et al., 2002) . The genes RNA with probes for var genes var2CSA (PFL0030c) (upsE) and PF13_0003 (upsA), both of which showed increased transcriptional levels using microarrays. To detect global var transcripts, we used a conserved exon 2 probe. The wild-type parasites show predominantly two major transcripts whereas ⌬sir2 parasites had a more complex pattern consistent with increased transcription of a larger number of var genes ( Figure  3C) . A large var2CSA transcript was detected in 3D7⌬sir2, in contrast to wild-type parasites where none were observed. The var gene PF13_0003 could be detected in both wild-type and ⌬sir2 parasites; however, in the latter it was present at higher levels ( Figure 3C , 2002) . However, there was some hybridization of the bsd probe to chromoresistant to WR, whereas the rest of the parasites were sensitive to this drug. This indicated that hDHFR was some 3 for 3D7/Hc1.3/pB parasites, suggesting partial integration had occurred by homologous recombinatranscribed in the 3D7/Hc1.3/pB population, and this was confirmed by RT-PCR (data not shown). Due to tion. Despite this, it appeared that the majority was migrating as an episomal plasmid. The pGem probe hylarge regions of homology between the primary integrated plasmid and the episome, there appears to be bridized to chromosome 3 in all transfectants (corresponding to the integrated pHdhfr plasmid), as well as some recombination at the chromosome 3 hDHFR (Figure 4C) , leading to transcription of the locus and partial to the episomal plasmids in the relevant lines ( Figure  4C ). In contrast, the CSP probe hybridized to the corredrug resistance in this subpopulation. Nevertheless, the majority of parasites in the population had an uninsponding gene present in all parasite lines on chromosome 3. tegrated plasmid, consistent with coexistence of a transcriptionally active pBsd/Rep20 plasmid with the As expected, and identical to parental 3D7, 3D7/ Hc1.3 parasites were WR sensitive, consistent with a silent integrated plasmid. In P. falciparum, Rep20-containing episomes physisilenced hDHFR ( Figure 4D ). In comparison, 3D7/ Hc1.3 + was resistant to WR challenge, consistent with cally associate with peripherally located telomeric chromosome clusters, a process that promotes partitioning expression of hDHFR in these parasites ( Figure 2B) . Consequently, the 3D7/Hc1.3/pB parasites were exof plasmids during mitosis (O'Donnell et al., 2002) . As parasites transfected with pBsd/Rep20 are grown on pected to have a silenced hDHFR and to be highly sen-blasticidin-S, the bsd gene must be expressed and the plasmid contained within a transcriptionally competent region. Therefore, this plasmid serves as a marker for transcriptionally active domains at the nuclear periphery. To determine if perinuclear transcription in P. falciparum was restricted to zones, we performed FISH on the hDHFR-active and hDHFR-silenced blasticidin-Sresistant lines, 3D7/Hc1.3 + /pB and 3D7/Hc1.3/pB, respectively.
We employed two color FISH using the cat gene (green) to specifically detect the subtelomeric hDHFR on chromosome 3, and the plasmid (red) to visualize both the hDHFR transgene locus and the episome (Figure 5A) . Compared to the active chromosome 3 end in 3D7/Hc1.3 + /pB, the silenced end in 3D7/Hc1.3/pB was significantly more likely to be in a distinct and separate position at the nuclear periphery relative to the transcriptionally active episome (17% ± 1% to 51% ± 1%; p = 0.007; Figure 5B ). Nuclear integrity was maintained as shown by measuring the diameter of nuclei in xy and z planes ( Figure S3) . If the presence of a parasite subpopulation in 3D7/Hc/pB with an activated hDHFR was taken into account (approximately 50%), where it would be expected that this gene would colocalize with the pBsd/Rep20 plasmid either because of integration or physical association with a transcriptionally active region, these results become highly significant. This suggests that in P. falciparum, silent and transcriptionally active subtelomeric loci occupy different perinuclear locations.
Repositioning of the var2CSA Gene within the Nucleus Is Linked to Its Activation and Silencing
The parasite line CS2 was derived from E8B by selection for cytoadherence to chondroitin sulfate A (CSA), resulting in specific PfEMP1 expression encoded by the var2CSA gene located in the subtelomeric region of respectively. These parasites were analyzed to ensure Standard deviation for Chr3L-active and Chr3L-silenced lines are retention of the parental cytoadherence properties to 3.5 and 9.3, respectively. The p value was generated using a paired one-tailed t test.
CSA, CD36, and ICAM-I. The CS2-pHHM parasites were as expected highly adherent to CSA, whereas E8B-pHHM showed no significant binding, and these properties are the same as observed for parental lines used two color FISH analysis with specific probes that detected the episome (red) and var2CSA (green; Figure  (Figure 6A) . Similarly, the pattern of binding to both CD36 and ICAM-I was the same in parental lines and 6B). These results showed that in E8B-pHHM var2CSA was less likely to colocalize with the episome comtransfectants. Transcription of var2CSA in CS2-pHHM was confirmed by Northern blots (data not shown), pared to CS2-pHHM (p = 0.003). E8B-pHHM displayed 33% ± 1% colocalization between the episome and showing that the transfected parasites predominantly transcribed this gene.
var2CSA. FISH analysis of these lines with both Rep20 and TARE4 probes demonstrated there was an average To determine if the active and silenced var2CSA gene occupied a different position within the nucleus, we of 4.5 telomere clusters per nuclei, and this predicts the random chance of an episome overlying any cluster was 22%, a figure close to that observed for colocalization of pGem and var2CSA in the unselected E8B-pHHM line. In contrast, CS2-pHHM shows a significantly higher colocalization for these probes (55% ± 1%; Figure 6C ). Although one would expect this value to be higher, our findings are consistent with (1) the high switch rate measured for var genes (2% per generation), (2) the likelihood that not all of the CS2-pHHM parasites express the var2CSA gene due to the process of selection on chondroitin sulfate A and subsequent growth for a number of generations, and (3) expression of var genes other than var2CSA may confer a CSA binding phenotype as well. Nuclear integrity was again monitored for these experiments and confirmed as described ( Figure S3 ). These results indicate that the silenced var2CSA occupies a distinct perinuclear position and activation involves repositioning to a new site.
Discussion
In this work, we show that genes located in the subtelomeric region of a P. falciparum chromosome can be reversibly silenced by epigenetic mechanisms and that active and silenced states occupy different nuclear positions. This indicates that spatial organization of genes within the nucleus and locus repositioning is linked to heritable virulence gene silencing in P. falciparum. We furthermore demonstrate, for the first time in P. falciparum, that transcriptional activation of subtelomeric genes involves changes in local chromatin structure and that SIR2-mediated silencing regulates var and rifin gene expression in these chromosomal regions. We inserted a drug resistance marker into Rep20 of a P. falciparum chromosome adjacent to a var gene to specifically address transcriptional regulation of subtelomeric genes. This strategy enabled enforced expression of hDHFR and determination of alterations in the transcriptional state of this transgene when drug selection was removed. The gene silencing observed for hDHFR is a consequence of epigenetic regulation and independent of the promoter driving its expression. Also, silencing entails the assembly of repressive chromatin domains that are less accessible to probes such as MNAse (Telford and Stewart, 1989 ) and sites in the calmodulin promoter that are sensitive to MNAse digestion in the active state are protected against digestion when the promoter is silenced. Furthermore, the comparison of the degree of chromatin digestion at hDHFR and the control locus suggests that overall chromatin packaging at the silenced hDHFR transgene locus was 
